During an infection, the detection of pathogens is mediated through interactions between pathogen-associated molecular patterns (PAMPs) and pathogen recognition receptors. β-Heptose 1,7-bisphosphate (βHBP), a metabolite of the lipopolysaccharide (LPS) biosynthesis pathway, was recently identified as a PAMP of gram-negative bacteria. It was reported that βHBP sensing leads within minutes to oligomerization of the protein TIFA, a mechanism controlling NF-κB activation and pro-inflammatory gene expression. Here, we compared the ability of chemically synthesized βHBP and Shigella flexneri lysate to induce TIFA oligomerization in epithelial cells. In contrast to lysate, we found that βHBP fails to trigger rapid oligomerization of TIFA. βHBP only induces delayed signaling, suggesting that it has to be processed intracellularly to 
INTRODUCTION
During an infection, an immune response is triggered by the detection of pathogens. This is mainly achieved by cells of the innate immune system including macrophages and neutrophils. Epithelial and endothelial cells are also involved in this process. They act as sentinels of the immune system and contribute, via the secretion of inflammatory mediators, to elicit an integrated immune response. At the molecular level, pathogen recognition is mediated by the interactions between pathogen-associated molecular patterns (PAMPs) and pathogen recognition receptors. Well characterized bacterial flexneri lysates to induce the oligomerization of TIFA and the production of IL-8 in human epithelial cells. In contrast to lysate from wild-type bacteria, we found that βHBP was unable to induce rapid oligomerization of TIFA. Oligomerization was only observed after more than one hour, indicating that cellular processing of βHBP was necessary to trigger this mechanism. It also suggested that another PAMP was therefore responsible for the early mechanism of TIFA oligomerization occurring during infection [3] . By combining deletion mutants and functional complementation experiments, we identified ADP-heptose as a new PAMP of S. flexneri infection. [19] . The latter was subsequently reacted with catalytic osmium tetroxide to obtain a 7:3 diastereomeric mixture of diols, from which the major isomer was isolated by chromatography. A subsequent four step protection/deprotection procedure was applied to give hemiacetal 5. The hemiacetal was submitted to a Mitsunobu-mediated bis-phosphorylation at OH-1 and OH-7 by use of a combination of dibenzyl phosphate, DIAD, P(ClPh)3, and triethylamine in tetrahydrofuran [13] .
RESULTS AND DISCUSSION
Chromatography of the obtained α/β mixture of the perbenzylated diphosphorylated monosaccharide gave the α-anomer and β-anomer in 30% and 41% yield, respectively. The purified β-heptose was subjected to a palladium-catalyzed hydrogenation followed by H + /Na + exchange to give the expected βHBP [13] . The proinflammatory activity of chemically synthesized βHBP was first tested by measuring the production of IL-8 after transient permeabilization of cell membranes with digitonin.
In this assay, the cellular process of βHBP internalization is bypassed and the mechanisms of PAMP recognition and inflammatory signaling can thus be directly controlling NF-κB activation [1, 3] . We therefore analyzed the effect of chemically synthesized βHBP on TIFA oligomerization. HeLa cells expressing GFP-tagged TIFA protein (TIFA-GFP) were treated as described above and TIFA-GFP oligomerization was monitored after 6 hours. It was quantified in single cells by automated image analysis as described in Materials and Methods. In line with IL-8 data, βHBP induced the formation of large TIFA-GFP oligomers in a dose-dependent manner ( Figure 2C and 2D). This result was in agreement with previous reports showing that synthetic βHBP induces NF-κB activation after several hours of treatment [14, 15] . Given that TIFA oligomerization is observed within minutes of S. flexneri, S. typhimurium or H.
pylori infections [3, 10] , we also monitored TIFA oligomerization after 30 minutes of treatment. Strikingly, whereas cells treated with S. flexneri lysate induced massive oligomerization of TIFA-GFP within this time period, synthetic βHBP failed to do so ( Figure 2E ). At least one hour was required to observe significant oligomerization of TIFA-GFP in a small fraction of cells treated with 1 mM synthetic βHBP ( Figure 2F ).
For this latter concentration, the level of TIFA-GFP oligomerization observed in cells treated with S. flexneri lysate was only reached after 2 hours of βHBP treatment ( Figure   2F ). Such delay in the response to βHBP suggested that this bacterial metabolite has to be processed intracellularly to trigger inflammation signaling, and that the sensing of another bacterial PAMP is likely responsible for the rapid mechanism of TIFA oligomerization observed upon S. flexneri lysate treatment.
Bacterial ADP-heptose synthesis is required for rapid oligomerization of TIFA.
Our results showing that βHBP was unable to trigger rapid oligomerization of TIFA-GFP ( Figure 2E 
ADP-heptose is a PAMP of S. flexneri infection
The use of digitonin-permeabilized cells is a powerful method to directly address PAMP Figure 4D ). However, no IL-8 was observed in response to this infection ( Figure 4E ).
We hypothesized that the level of TIFA-GFP oligomerization was too low to elicit IL-8 production within 4 hours. This time point was chosen to prevent cell toxicity due to bacterial replication. As expected, infection with pHldC-complemented bacteria failed to trigger TIFA-GFP oligomerization ( Figure 4D ) and IL-8 production ( Figure 4E In conclusion, our data showed that βHBP can only trigger delayed inflammatory signaling, and that it has a marginal contribution in controlling the IL-8 response during
S. flexneri infection. The delay in the response to βHBP suggests that it has to be intracellularly processed to induce inflammation. βHBP is therefore likely not a true PAMP, which is, by definition, directly sensed via the interaction with a cognate pathogen recognition receptor. Thus, the role of ADP-D/L-β-D-heptose in S. flexneri infection challenges our previous results implicating βHBP [3] . The ability of the ∆gmhB mutant to induce TIFA oligomerization was the rational basis to conclude that the PAMP inducing TIFA-dependent innate immunity was indeed βHBP. However, this argument is weakened by the possibility that the ∆gmhB mutant might only have a partial mutant phenotype. Indeed, the observation that, in contrast to ∆hldE, ∆hldD and ∆waaC, the ∆gmhB mutant is not hyper-invasive [3] , indicated that its LPS was only partially altered and that ADP-D/L-β-D-heptose synthesis was therefore still occurring in these bacteria. A partial phenotype of the ∆gmhB mutant was also observed in E.
coli, and the existence of a yet-unidentified phosphatase activity that compensates for the absence of GmhB was proposed [22] . Given that the ∆gmhB-based argument was also used in other studies [11, 12] , the direct contribution of βHBP has been likely more 
MATERIALS AND METHODS

Cells
HeLa cells (American Type Culture Collection) were cultured in Dulbecco's modified Eagle's (DMEM) medium supplemented with 10% FCS and 2 mM Glutamax-1 (complete growth medium). HeLa cells stably expressing TIFA-GFP were obtained after transfection of pEGFP-C1 plasmid encoding TIFA-GFP and geneticin selection at 1 mg.mL -1 .
Bacterial strains and generation of mutants
Wild-type (wt), ∆hldE and ∆waaC M90T S. flexneri strains have been previously described [3] . The ∆hldD mutant was generated by allelic exchange using a modified protocol of lambda red-mediated gene deletion [24] . Briefly, the kanamycin cassette of the pkD4 plasmid was amplified by PCR with the primers listed in Table 1 . The purified PCR product was electroporated into the wt strain expressing the genes for lambda red recombination from the pKM208 plasmid. Recombinants were selected on TSB plates containing 50 μg.mL -1 of kanamycin. Single colonies were screened by PCR. S.
flexneri M90T expressing the hldA gene from N. meningitidis was previously described [3] . S. flexneri M90T expressing the hldC gene from N. meningitidis was generated as follows. hldC was amplified by PCR from a bacterial lysate with the primers listed in Table S1 . After gel purification (Macherey-Nagel), the PCR product was digested with EcoRI and HindIII, and ligated into an EcoRI/HindIII-digested pHSG396 plasmid, a derivative of pUC-type of plasmid harboring a chloramphenicol resistance cassette (Clontech). The ligation product was used to transform Top10 E. coli. pHSG396-HldC was purified and used to electroporate ∆hldE and ∆hldE expressing hldA strains of S.
flexneri M90T. All strains were transformed with pCLR7 and constitutively expressed dsRed protein (kind gift from D. Bumann, Biozentrum, Basel, Switzerland).
Preparation of bacterial lysates
Bacteria from overnight cultures were washed in PBS and resuspended at 10 10 bacteria.mL -1 . Once transferred into cryotubes, they underwent through two freezethaw cycles in liquid nitrogen. Bacterial debris were removed by centrifugation at 13 000 rpm for 20 min. Lysates were stored at -80 °C.
Cell treatments
Cells were seeded in 96-well plates the day before the experiment. For treatment, they were washed in permeabilization buffer containing 100 mM KCl, 3 mM MgCl2, 50 mM Hepes, 0.1 mM DTT, 85 mM sucrose, 0.2% BSA and 0.1 mM ATP. They were then incubated with digitonin (5 µg.mL -1 ) alone or a mixture of digitonin and indicated lysates for 30 min in this same buffer. They were then either fixed with 4% PFA or washed to remove digitonin and incubated for 5.5 h in DMEM supplemented with 1% FCS. For IL-8 measurements, cells were treated with 50 µM monensin at 3 hours.
Infections
For infection experiments with S. flexneri, bacteria were used in exponential growth phase. Cells, seeded in 96-well plates, were infected at indicated MOIs in DMEM supplemented with 10 mM Hepes, 2 mM glutamax-1 and 1% FCS. After adding bacteria, plates were centrifuged for 3 min at 1200 rpm and placed at 37 °C for the indicated time periods. Extracellular bacteria were killed by gentamicin (100 µg/mL) and infection was stopped by adding 4% PFA.
IL-8 measurements
The production of IL-8 was measured by immunofluorescence 6 h after cell treatments 
Automated microscopy and image analysis
Images were acquired with an ImageXpress Micro (Molecular devices, Sunnyvale, USA). Each data point correspond to triplicate wells and more than 6 images were taken per well. Image analysis was performed using the custom module editor (CME)
of MetaXpress. For IL-8, measurements were performed as previously described [3] .
Briefly, cell nuclei were identified by the "Autofind blobs" function. Each nucleus was extended by 6 pixels to define the cell mask in which IL-8 signals were quantified. They were detected with the "Keep marked object" function of CME based on minimal/maximal size requirements and intensity threshold. For the oligomerization of TIFA, foci were detected by applying the "Find blobs" function based on size and intensity above background parameters. Cell nuclei were identified with the "Find round objects" module. Cells were defined by extending each nucleus by 10 pixels with the "Grow objects without touching" function and TIFA punctates were quantified within this mask. For infection measurements, nuclei and cells were segmented as above.
Bacteria were detected by the "Find blobs" function based on size and intensity above background parameters. For IL-8, TIFA oligomerization and infection measurements, the fraction of cells respectively containing IL-8, TIFA oligomers or bacteria was extracted, and used for quantification.
Chemical synthesis of βHBP
General Information
Thin Layer Chromatography (TLC) was performed on precoated slides of Silica Gel 60 Infection rate (%) 
